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Abstract: This paper explains step-by-step modeling and simulation of the full circuits of a battery control system and connected together starting from the AC input source to the battery control and storage system. The three-phase half-controlled rectifier has been designed to control and convert the AC power into DC power. In addition, two types of direct current converters have been used in this paper which are a buck and bidirectional DC/DC converters. These systems adjust the output voltage to be lower or higher than the input voltage. In the buck converters, the main switch operates in conduction or cut-off mode and is triggered by a Pulse-Width Modulated (PWM) signal. The output and input voltage levels ratio are used to calculate the PWM signal’s duty cycle. Therefore, the duty cycle indicates the operation mode of the converter in steady-state operation. In this study, we analyze and control of a buck converter with the PWM signal. Besides, the bidirectional DC/DC converter has been achieved and optimized by PI control methods to control the battery charging and discharging modes. The simulation has been applied via the Matlab/Simulink environment. The results show the activity of each part of the designed circuits starting from the converters and the battery control system in charge and discharge modes.
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1  Introduction

The present electronic gadgets have higher portability and are greener than at any time in recent memory. Batteries energize a wide range of devices, from electric vehicles to wireless sensor nodes. Batteries not only provide energy to devices, they also contribute to the reduction of carbon dioxide emissions [1,2]. Due to the ever-increasing demand for energy, the interest in energy conversion and storage has increased [3]. Batteries are widely used in energy storage, and they can be used alone in systems, or sometimes with other elements [4–6]. In particular, Lithium-Ion batteries are widely used in many systems, such as electric vehicles and ships [7,8]. The continuous change of battery innovation has incited numerous newcomers to find out about planning battery charging systems. The working principles of the rectifier, converter and Battery Management System (BMS), which are the most important parts of such systems [9–12] are explained separately and their simulations are realized. Today, thanks to various artificial intelligence applications, it is possible to predict the battery or supercapacitor life and charge-discharge times with high accuracy [13,14].

Three-phase fully controlled converters are exceptionally common in numerous mechanical applications, especially in circumstances where power recovery from the DC side is basic. It can handle sensibly high forces and has satisfactory input and output consonant contortion [15]. The design additionally fits simple series and parallel associations to increase the voltage and current rating or improve symphonious conduct [16]. In any case, this adaptability of three-phase fully controlled converters is acquired at the expense of increased circuit intricacy because of the utilization of six thyristors and their related control circuit. This intricacy can be impressively decreased in applications where power recovery is not essential. Overall, three thyristors of the top gathering or the base gathering of a three-phase fully controlled converter can be supplanted by three diodes. In this case, the converter is known as a three-phase half controlled converter. Supplanting three thyristors with three diodes diminishes the circuit multifaceted nature and yet forestalls negative voltage showing up at the output whenever [11,12,17]. The output voltage is periodic more than 33% of the input cycle as opposed to one-6th just like the case with fully controlled converters and the half-controlled three-phase converters are not as famous as their fully controlled partner. Although the design of the half-controlled converter is relatively simple and inexpensive, its analysis is more difficult and complex than a full-control converter.

Direct current converters in power electronic circuits are used in a large application area, from home appliances, automotive applications, smartphones and tablets to information technologies [14]. Efficiency has become the most critical parameter in designs according to international quality standards. Therefore, low loss and high efficiency have become one of the most important factors in converters. The aim of using the control algorithm strategies, to keep the value of the output voltage at the desired levels with respect to the load value and the variation line. The control methods that use power converters could be classified as; the linear controllers and nonlinear controllers [18]. The root locus technique is a pole placement method that assigns a dominant closed loop pole. Nonetheless, this technique requires controller gain tuning to meet specification requirements. This technique is only useful for controller design [19]. The root locus is a graphical method for determining the eigenvalues of a control system when the system’s parameters, typically a gain in a feedback system, are changed from zero to infinity [20]. The main steps to designing the controller depend on the mathematical model of the converters that have been used. Therefore, the linear control strategy has been designed according to the classic control system approach, which is the small-signal model of the converter. A more accurate model is necessary to achieve good performance under the changes in the operation points, such as load variations, but the design of the model will be more complex. In this case, the trial and error strategy will be the solution to avoid the error states. For control of the buck converters, various nonlinear methods are PI controller coefficients were determined by the genetic algorithm by using the closed-loop design on a single switch type in the simulation environment. This paper offers multiple designs that use different methodologies to convert current and voltage into two separate AC/DC and DC/DC systems. Additionally, the PI controller has connected and used the bidirectional. In the study, the battery charging system was considered as a whole and all parts were simulated separately. In addition, real battery values were used in the simulations. Thus, the behavior of a real battery in the system could be observed clearly.

2  The Three Phase Half Wave Controlled Rectifier

Traditionally, the units of energy conservation in any electrical and electronic systems dealing with batteries are equipped with direct current, and the main sources of equipment are running on alternating current [15]. So, it is necessary to transfer this energy from the main source to the system of energy conservation in electrical and electronic devices, and-herein lies the importance of using the transformer [21,22]. In this design, the three-phase half-controlled rectifier is used to convert the AC into a DC source. Therefore, the average DC value of the output voltage waveform from the three-phase half-controlled rectifier is given in Eq. (1) below:

VDC=33π VS×cos⁡(α)(1)

The design of the three-phase rectifier depends on three thyristors and three diodes are connected as shown in Fig. 1. In addition, each of the thyristors and the diodes has the same parameters as shown in Table 1 below:
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Figure 1: The simulation design of the three phase rectifier
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Besides, the three thyristors are supported by three pulse generator systems as shown in Fig. 1 to control the pulse width of the output signals of the three phase half-controlled rectifier and the parameters of the pulse generator are explained in Table 2. The three-phase half-controlled rectifier has a 10 ohm resistor connected to it to control the voltage and current.
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In such systems, single-phase rectifiers can be used instead of three-phase. But, in contrast to a single-phase rectifying circuit, such as that shown in Fig. 2, the three-phase circuit, which has a constant voltage and frequency, can be used through a rectification circuit to produce and grant a constant DC voltage strength, which can then be filtered to produce an output DC voltage with much less ripple. In addition, the input three-phase power source that feeds the three-phase half-controlled rectifier has been simulated as the typical power source available in many countries and used to charge electric vehicles. It consists of a 220 voltage of peak amplitude and 50 Hz of the frequency with a (0 degree) angle for the phase A, (−120 degree) angle for the phase B and (120 degree) angle for the phase C.
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Figure 2: Rectification of three phase supply using thyristor

3  The Buck Converter Design

The buck converter is utilized to keep the value of the output voltage at the desired levels with respect to the load value and the variation line. Instead of controlling a variable resistance as in the linear regulators, the output of the switching regulator is controlled by rapidly switching a series of devices on and off [23]. How much charge is transferred to the load is controlled by the duty cycle of the switch, which is controlled by a similar feedback mechanism to a linear control. The switching design is efficient because the series element dissipates almost no power when it is either fully conducting or switched off [21]. One of the impossibilities of the linear control design that switching regulators are not capable of generating a higher output voltage than the input. Hence, the aim of using the buck converter is to control the output of the three-phase half connected rectifier by the PWM signal, supply the load in charging and discharge mode, and feed the battery voltage in charging mode.

Moreover, switching voltage regulators differ from linear regulators in how PWM is carried out and are typically utilized for both step-up and step-down applications. The switching regulators control the output voltage by using constant frequency values and variable duty-cycle ratios. The switch duty-cycle ratio controls how much and how quickly the output supply voltage increases or decreases depending on the load state and input source voltage [24]. The advantage of switching regulators is efficiency as minimal power is dissipated in the power path (switches) when the output supply voltage is sufficient for the load state [22].

The disadvantage of switching regulators is complexity. It requires some extra components for the design and implementation. To obtain the calculated output voltage, an open-loop converter simply has a fixed duty cycle. In contrast, the output voltage of a closed-loop converter is continuously measured and fed back to the microcontroller. The controller continuously adjusts the duty-cycle based on the mismatch between the desired voltage and the actual output voltage. But in a battery control system, the output voltage does not need to be extremely sensitive. In this work, an open loop converter was preferred in order not to cause complexity and to reduce the cost in real application. The calculation of some parameters of the Buck converter is shown below:

D=VoVi(max).η(2)

L=Vo.(Vi−V0)ΔIL.fs.Vi(3)

C=ΔIL8.fs.ΔVo(4)

where, D is maximum duty cycle, Vo is output voltage, Vi(max) is maximum input voltage, η is efficiency of the converter (used as 90%), L is inductor value, ΔIL is estimated inductor ripple current (0.2 to 0.4 × Io), fs is minimum switching frequency, C is minimum output capacitance and ΔVo is desired output voltage ripple. According to the calculations, the inductor and capacitor values were chosen as approximately 150 and 300 μF, respectively.

The parameters used for the buck converter design are shown in Table 3. The buck converter supported by PWM simulation design is shown in Fig. 3. The duty cycle simulation design is shown in Fig. 4.
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Figure 3: The simulation design block of buck converter with PWM
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Figure 4: The duty cycle simulation design

4  The Bidirectional DC/DC Converter Design

Generally, electric devices use two different power systems; a high-voltage battery (100 to 450 VDC) for traction and a low-voltage battery (12 V) for supplying common electric and electronic applications. Traditionally, the low-voltage battery was charged from the alternator in low electrical applications, but in today’s most electrical applications, such as electrical vehicles, the power comes from the high-voltage battery pack [16]. In specific electric vehicle architectures, the low-voltage battery should be ready to help recharge the high-voltage battery pack in order to provide energy for cranking the parts of the electrical and electronic circuits of the devices [25]. That means, the onboard DC-DC converter must be bidirectional and very efficient as well as highly reliable in order to run the complex control algorithms needed to ensure an energy-efficient solution [26]. This part of the control system is responsible for charging and discharging of the battery in the electric devices that control the output power between the three-phase rectifier, the buck converter and the battery [26]. In this paper, the design of the bidirectional DC/DC converter depends on two main MOSFETs that are connected directly with the DC/DC converter circuit as shown in Fig. 5. The parameters of the two MOSFETs consist of 0.1 ohm for FET resistance (Ron), 0.01 ohm for internal diode resistance (Rd) and 1 × 10−5 ohm for Snubber resistance (Rs). There is a series branch of RLC that is connected in parallel with two MOSFETs and the parameters are 0.01 ohm for resistance and 1000 × 10−6 F for capacitance. To manage the current and voltage that come from the rectifier and the buck converter through the bidirectional converter to feed the battery and the load, the design also includes a series branch of RLC linked after the two MOSFETs and before the battery.
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Figure 5: The simulation design of bidirectional DC/DC converter

4.1 Charging Mode

The suggested Bidirectional DC/DC (BDC) converter works as a buck converter in the charging mode. In order to charge the battery with current Ibatt, the suggested load power flow direction is from the DC bus to the battery bank. This method of operation has two states, each of which is characterized as follows: This mode of operation is divided into two states and described as follows [27].

Case 1: The power MOSFET 1 is turned on, the power MOSFET 2 is turned off, and the body diode D2 is reversed. Thus, the filtering inductor LP is charged up linearly by the voltage.

VL=Vbus−Vbatt(5)


The current in filtering inductor (LP) begins to increase linearly with slope

IL=(Vbus−Vbatt)/LP(6)

Case 2: When the power MOSFETs 1 and 2 are turned off. The body diode D2 starts conducting, the voltage across the filtering inductor LP is about

VL=−Vbatt(7)

The current in the filtering inductor LP begins to decrease linearly with slope.

IL=−Vbatt/LP(8)

The filtering inductor current ILP can be expressed as

ILP=Ibatt=Ipp∗±12ΔILP1(9)

where Ipp∗ is the desired charge and ΔILP1 is the ripple current. The ripple current ΔILP1 can be depicted as

ΔILP1=Vbatt.(1−D)Lp=Vbus−VbattLp(10)

4.2 Discharging Mode

In the current control mode, the BDC works as a boost converter. In order to discharge the battery with current Ibatt, the proposed BDC’s power flow direction is from the battery bank to the DC bus. To prevent needless dissipation, the battery bank’s discharge energy is specifically recovered to the DC bus capacity Cbus. This method of operation has two states, each of which is characterized as follows [27]:

Case 1: In this situation, the power MOSFETs 1 and 2 are both on, the filtering inductor LP is receiving zero current, and the polarity is then charged. the voltage across the filtering inductor LP is:

VL=−Vbatt(11)

In order for the current to start increasing linearly with the slope in the filtering inductor LP.

IL=−Vbatt/LP(12)

Case 2: In this situation, the body diode D1 begins to receive current while the power MOSFETs 1 and 2 are off. Roughly 0.1 volts are present across filtering inductor LP.

VL=Vbus−Vbatt(13)

In order for the current in the filtering inductor LP to start decreasing linearly with slope.

IL=(Vbus−Vbatt)/LP(14)

The filtering inductor LP has just been released. The battery bank discharge current begins to charge the DC bus capacitor Cbus. The state’s filtering inductor current, ILP, may be written as

ILP2=Ibatt=Inp∗±12ΔILP2(15)

where ILP2 is the ripple current and Inp∗ is the required charging current in the situation The equation of the ripple current ΔILP2 is

ΔILP2=Vbatt.DLp=Vbus−Vbatt.(1−D)Lp(16)

Moreover, another mode which is (Trickle Charging Mode) often referred to as the resting phase. Power MOSFETs 1 and 2 are disabled in this mode to separate the battery bank and DC bus. In order to reduce electrolyte density, boost battery charging efficiency, and lengthen battery life, the electrolyte ions are diffused and distributed in this mode.

5  The Battery Control System

The bidirectional converter is used to control the battery voltage and current in two modes: charging and discharging mode, by connecting via the PI controller. The control system controls the battery through the two MOSFETs of the bidirectional converter. The system as shown in Fig. 6 contains four parts; switch control, current control, voltage control and load control [9,22]. These components have been integrated into a single system known as a battery control management system. Battery management systems are very important in electric vehicles in terms of safety, battery life and cost [28,29]. As is known, the PI controllers depend on the trial and error strategy to determine the suitable values to use in any controller. The parameters on the PI controllers for each part of the battery control system are shown in Table 4. The PI design is dependent on Eq. (2). Hence, the charge mode, discharge mode, and load of the battery cell have been controlled by using the battery control system with several strategies.

u(t)=P+I⋅Ts1z−1(17)
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Figure 6: The battery control system simulation design
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6  The Battery Design

One of the most important parts that determine the efficiency of any electric-electronic device is the battery and its management; it is considered the soul of the device. There are many battery types, capacities and manufacturers. Therefore, the battery control systems also differ from one device to another, and there are a number of different strategies and methods used previously to manage the battery and provide the necessary electric power under different operation conditions [9,30]. In this study, we have carried out a comprehensive simulation of lithium-ion batteries, which are widely used in many fields such as electric vehicles and fans. Also, the functionality and effectiveness of using the three-phase rectifier with a bidirectional DC/DC converter controlled using a buck converter and a PI controller were tested. The battery that isused in the work has a nominal voltage equal to 24 V and a rated capacity equal to 50 Ah. The efficiency of any battery could be determined by using the State of Charge (SOC), which is the level of charge of an electric battery relative to its capacity. An important factor of any electric device battery, the battery should have good charging and discharging State of Charge characteristics for safety, reliability and better life [31]. The units of SOC are percentage points (0% = empty; 100% = full) as an ideal value. Thus, the simulation of the battery has tried to reach the maximum point of charging about 100% and shows the effectiveness of the voltage and current at the load, which act like the parts of the electric device. Besides, the parameters of the battery cell that was used in the work are shown in Table 5.
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7  The Main Systems Simulation and Results

In this section, detailed simulation studies and results of the rectifier, buck converter, bidirectional DC-DC converter, and battery will be explained.

7.1 The Three Phase Half Wave Controlled Rectifier

The three-phase rectifier half-connected rectifier is fed directly from the input three-phase AC source with 220 V for each phase as shown in Fig. 7. The work of the rectifier depends on the input parameters of its design, as explained previously in the design part.
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Figure 7: The input voltage of the three-phase rectifier

The simulation result of the three-phase half-controlled rectifier output voltage as shown in Fig. 8 will be equal to 180 V in DC. The results show there are two cases of the output that could be found; a normal signal and an affected signal. The first one that started from (0 to 2.5 s) is affected by the PWM signal generated by the buck converter, and this signal has many properties to be used in this system in charging mode to supply the battery with a high band of voltage. Another signal can be found as shown in the simulation Fig. 8 that started from (2.5 to 5 s). It can be described as the normal output signal for the three-phase half controller rectifier, and this signal will be fewer characteristics than the previous one because of the low bandwidth and this signal has been founded in cases of the turn of the buck converter.
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Figure 8: The output voltage of the three-phase rectifier with and without PWM signal

7.2 The Buck Converter

The top-level test bench is created to simulate the control output buck converter design. As a first step, the output capacitance and the inductance must be chosen as a first step since they are put into the test bench as ideal components. 300 and 150 μH typical capacitance, and inductance value is chosen, respectively. As seen in Fig. 9, the PWM voltage signal acts as a Continuous Current Mode (CCM). The conduction loss is reduced and allows the bidirectional inductor current flow. Thus, the buck converter is always maintained in CCM. The buck converter has higher efficiency at full load because of the forward voltage drop of the diode. The simulation graph is shown in the following two figures; the first is the current that crosses the buck converter, and it is about 35 A. The second figure shows the voltage that crosses through the buck converter and it is about 45 V. The result has shown how the output signal of the three-phase rectifier has been affected by the PWM signal through the buck converter and how it has become more bandwidth without losing any of its properties. This can be seen in the miniature form of both current and voltage waves in the figures.
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Figure 9: PWM buck converter capacitance voltage and inductance current

7.3 The Bidirectional DC/DC Converter

Generally, there are two cases for any battery status in the electronic systems with respect to the load of the device, which are charging and discharging modes. When the voltage source is disabled, the battery will supply the load. When the voltage source is enabled, the battery will charge and the load will be supplied from the voltage source. Besides, the power that feeds the battery in charging mode or the power that feeds the load in discharge mode must be controlled to be suitable for the battery requirements without damage. The bidirectional DC/DC converter is responsible for controlling the battery status by connecting the converter with a control system using a PI controller after trial and error searching. The aim of using a PI controller is to control the output and be as constant values for the system. The efficiency of any battery control system is also related to the time it takes for the battery to reach a charge level from 0% to 100%. In the discharge mode, the battery should be carrying the load requirements of the device for a longer time. Hence, to achieve these aims, there are several strategies that have been applied to the system to be as efficient as possible.

7.4 The Battery Charging and Discharging Modes

i.   Current control strategy: Basically, the batteries are controlled in two modes: constant current control and constant voltage control methods. Technically, each battery management system should check the allowed maximum current for the battery that is connected to the system [21,32–34]. As shown in Table 3, the allowed maximum current for the battery is 21.7391 A as the maximum required to charge. Some battery companies separated the constant current control and constant voltage control sides at an 80% SOC level or 100% SOC level depending on the battery manufacturing requirements and the scientific strategies that have been applied in the system to get high efficiency. Therefore, the open circuit has been applied to determine the required voltage to the maximum level of charging and the result for this application is 28.04 volts. The current control strategy has been utilized to test the efficiency of the battery-charging mode. This strategy has been done by using the PI controller with pulse width modulation generator (DC-DC) as shown in Fig. 10 which is connected to the battery management system directly with two MOSFETs. The PWM parameters that were used in the simulation are; 10 kHz for switching frequency and 5 μS for sample time. Generally, the PI controller is a manual controller and it has been used to test the functionality of the system. By using a constant simulation block next to the PI controller, the input values are enforced as they are (−5, −25, −40, 0, 25) and it has been started from a minus part because of the battery in the charging mode.
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Figure 10: The simulation of the current control strategy

Fig. 11 explains the current control strategy that has been applied to the system. The values entered into the PI controller move in red in the simulation, and when the red line changes depending on the input parameters, it is seen that the current value also changes, that is, the current direction will also change depending on the current control strategy. Fig. 12 explains the change of voltage values in the charging mode because the relationship between the current and the voltage is inverse. Therefore, the voltage values in the charging mode are decreased, and in the discharge mode, when the load fed by the battery and the current values are increasing, the voltage values also decrease.

ii.   Voltage based control strategy: The voltage-based control strategy has been applied to the system to determine the reference battery current that needs to charge the battery and to show the eligibility for charging the battery SOC level to 100% [33,35]. Another PI controller has been used and applied to determine the reference battery current and it is connected with the previous PI controller. This means that the first PI will control the current and the second PI will control the voltage with respect to the maximum charging voltage of the battery. As shown in Fig. 13, the maximum charging voltage that is determined by the open circuit is 28.04 V and it is used as the input parameter for the voltage control PI.

iii.   The load control: The load in any electrical device is considered an important part because it depends on the result of all electrical-electronic working parts of the device. The load of any system has a known range of voltage that should be fed by the converter of the electrical device without losses because it effects directly the device’s working and efficiency [21,33,34]. In this work, another PI controller has been used to control the load and-ensure it delivers the needed voltage to the load of the device. The minimum voltage that is assumed is 48 V in the discharge mode. Therefore, the load could be carried at a voltage between (48 to 220) volts DC, depending on the type of the device on the load. Moreover, to open and close the voltage gates between charge and discharge mods, a switch control has been designed and considered as a master switch for all parts of the battery control system to control the load voltage. The load control PI with the switch control is shown in Fig. 14 below.
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Figure 11: The change of the current value during current control strategy
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Figure 12: The change of the voltage value during current control strategy
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Figure 13: The simulation of voltage control by using PI controller
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Figure 14: The simulation of the load control PI with the switch control

8  The Battery Status Simulation and Results

8.1 At the Charging Mode

Fig. 15 shows the simulation result of the voltage over the load in charging mode. As shown in Fig. 15a, the charge mode began from (0 to 5 s) depending on the input voltage source that feeds the load from the buck converter, which is the feed voltage overload in charge mode of approximately 180 V. Figs. 15b and 15c show a close look at the charge signal. As shown in the figure, the voltage signal has taken the shape of the half controlled rectifier and is supported by a PWM signal after being controlled by the buck converter to feed the load of the electric device directly.
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Figure 15: (a) the voltage over load in charging mode, (b) the inner signal of the load voltage affected by the rectifier signal (zoomed in), (c) the internal structure of the load voltage affected with PWM signal wave (more zoomed in)

Fig. 16 shows the battery current in the charging mode as seen from (0 to 5 s) and how the current control strategy works to control the current in the charging mode. The maximum charging current as shown in Fig. 16a is about 22 A. Figs. 17b and 17c are a close look at the embedded wave signal of the half-connected rectifier on the current signal in charge mode, and they show how the current signal is affected by the PWM of the buck converter.
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Figure 16: (a) the battery current in charging mode, (b) the inner signal of the battery current affected by the rectifier signal (zoomed in), (c) the internal structure of battery current affected with PWM signal wave (more zoomed in)
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Figure 17: (a) the battery voltage in charging mode, (b) the inner signal of the battery voltage in charge mode affected by the rectifier signal (zoomed in), (c) the internal structure of the battery voltage in charge mode affected with PWM signal wave (more zoomed in)

Fig. 17 shows the battery charging voltage. As seen in Fig. 17a, the maximum charging voltage that feeds the battery in charging mode is about 26.35 V. It comes directly from the source through the buck converter and is controlled via the bidirectional DC/DC converter. Figs. 17b and 17c are described as the embedded wave signal of the charging voltage affected by the PWM of the buck converter.

8.2 At the Discharging Mode

Fig. 18a explains the battery situation in discharge mode. As seen, the simulation of the discharge mode has started from the second 5 to the second 10 of the simulation. It shows the maximum DC voltage over the load is about 120 V. Figs. 18b and 18c show a close look at the embedded wave signal of voltage supported by PWM only through the buck converter.
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Figure 18: (a) the voltage over load in discharging mode, (b) the inner signal of the load voltage affected by the rectifier signal (zoomed in), (c) the internal structure of the load voltage affected with PWM signal wave (more zoomed in)

Fig. 19a shows the battery current that supports the load in discharge mod. This part describes the maximum current at discharge mode and it is about 3 A as shown in the 5th second of the simulation. The red line, as described before, is pointing to the battery current status for changing situations in charging mode. In discharge mode, the battery storage has been used to feed the load, and the red line has stopped at zero in the fifth second of the simulation. By the end of the working time, the current value decreases gradually to reach the red line at zero value when the battery storage runs out. Therefore, the blue line that points to the battery current value has been increased on the positive side, which means the battery control is working well and stable to feed the load with the maximum current. Figs. 19b and 19c are a close look at the embedded wave signal of the current in discharge mode supported by the PWM signal.

[image: images][image: images]

Figure 19: (a) The battery current in discharge mode, (b) Close look of the battery current in discharge mode, (c) Close look of the battery current signal supported with PWM signal in discharge mode

Fig. 20a shows the battery voltage value in the discharge mode. As shown in Fig. 20a, the voltage curve changed from the charge mode to the discharge mode at the fifth second of the simulation. The voltage value of the battery has been decreased from 26.35 V in charging mode to 25.95 V in discharge mode as shown between seconds (5 and 6) of the simulation time. Figs. 20b and 20c are described as the embedded wave signal of the battery voltage in discharge mode. Fig. 20b shows the decrease in the voltage value by the simulation time systematically until it reaches the zero value when the battery storage will run out. Hence, the maximum voltage of the battery that supports the load is 25.9 V.
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Figure 20: (a) the battery voltage in discharging mode, (b) the inner signal of the battery voltage in discharging mode and displays a decrease of voltage levels (zoomed in), (c) the internal structure of the battery voltage in discharging mode affected with PWM signal wave (more zoomed in)

Fig. 21 explains the battery SOC level at both charge and discharge mode. When looking at the figure and making a time comparison between the charging and discharging modes, we will note that the charging mode has started from zero-second at the beginning of the simulation to the second five and the discharge mode has started from the second five to the second tenth of the simulation time, assuming that battery SOC level is 80%. Therefore, the battery charge is faster than the discharge mode; it reaches 80.06% in 5 s only. While in discharging mode, the battery evacuates its charge from 80.06% to 80.05% in the fifth second of the simulation time. This result shows the activity of the battery control system, which uses the PI controller connected to the bidirectional DC/DC converter and the PWM on the buck converter to control the charging and discharging modes of the battery.
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Figure 21: The SOC levels for charging and discharging modes

9  Conclusion

In this study, the analysis and simulations of all components of a battery control system were carried out separately, and the parameters affecting the system efficiency were determined. The previous methods in the literature to improve efficiency, such as Pulse Width Modulation (PWM), the digital controller provides the capability to implement a flexible control algorithm. In the digital controller, the nonlinear PI function with trial and error method power coefficients, which can be easily applied to irregularities much faster than the conventional method and has a lower steady-state error, is preferred. In the charge mode, the battery can be affected by two signals that are the half-controlled rectifier and the PWM signal. Therefore, the battery will be powered up in a short time. In the discharge mode, the battery output will also support the rectifier signal by the PWM signal, but it will be a lower amplitude and frequency from the charging mode status. Therefore, the power will be discharged in an ideal long time, and the reason for supporting the output signal of the battery via the rectifier signal even if there is no input power source is that the full system is working with a close loop. Hence, each circuit support feeds the other.
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Table 3: The parameters design of the buck converter

Parameters Symbol Value
Input voltage Vi 120V
Output voltage \'A S50V
Switching frequency f, 25kHz
Duty ratio D 0.416
Inductance L 150uH
Capacitance C 300 uF
Load R 102

PWM amplitude 0.5
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Table 4: The input PI controller’s parameters

Parameters Current control PI values  Voltage control PI values Load control PI values
Proportional (P) 0.5 40 0.25

Integral (I) 10 2000 50

Integrator 0.45 0 0
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Table 1: The thyristors parameter in the three phase rectifier

Parameters Value
Resistance R,, (ohm) 1
Forward voltage V; (V) 0.8
Snubber resistance R, (ohm) 500
Snubber capacitance C, (F) 5x10°¢
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Table 2: The pulses parameters of the three-phase rectifier

Parameters Pulse 1 Pulse 2 Pulse 3
Amplitude 10 10 10
Period (s) 0.02 0.02 0.02
Pulse width 10 33.34 63
Phase delay (s) 0.0025 0.0025 0.0025
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Table 5: The battery cell parameters

The battery parameters The value
Maximum capacity (Ah) 50
Cut-off voltage (V) 18

Fully charged voltage (V) 27.9357
Nominal discharge current (A) 21.7391
Internal resistance (ohm) 0.0048

Capacity (Ah) at nominal voltage 45.2174
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